Running title: brain iron and cognitive development Highlights  We examine relationship of brain iron and cognition in childhood and adolescence  Estimates of iron in basal ganglia and hippocampus from R2* relaxometry  Non-heme iron varies across sub regions of the basal ganglia and hippocampus  Age-related increase in non-heme iron content was observed in multiple brain areas  Greater iron content was indicative of improved cognitive ability  Non-heme iron appears to play a critical role in neural and cognitive development
Introduction
Iron is the most abundant metallic ion within the brain and serves a fundamental role in cellular processes integral to maintaining healthy brain function. While important to the whole body, the brain is especially sensitive to variation in iron availability (Hare, Ayton, Bush, & Lei, 2013) , in part due to the high metabolic demands of the brain that are supported by the availability and action of iron. The brain accounts for roughly 20% of whole-body metabolic energy expenditure in adulthood, and even higher proportions, 30-50%, in early human development (Chugani, 1998; Kuzawa et al., 2014) . Metabolic activity differentiates brain regions (Dallman, 1986 ) and this landscape changes with age (de Deungria et al., 2000) . Due to its role in metabolic energy production, brain iron may play a critical role in maturation of the human nervous system (Larsen & Luna, 2015; Wang et al., 2012) . Presumably to meet the demand of these processes, non-heme iron accumulates quickly across the first two decades of life and continues at a lesser rate across the lifespan (Aquino et al., 2009; Hallgren & Sourander, 1958; Li et al., 2014; Wang et al., 2012) . The advent of non-invasive neuroimaging methods sensitive to brain iron content now accommodates in vivo study of non-heme iron in the developing brain. Here we aim to evaluate development-related differences in regional brain iron content and its relation to cognitive functions.
A distinction is made between heme and non-heme forms of biological iron. Heme iron is a component of hemoglobin that binds oxygen and is present in flowing or accumulated blood. Non-heme iron is stored within many cell types and participates in essential cellular and mitochondrial functions, including production of adenosine triphosphate (ATP) and DNA synthesis , and in the brain supports neurotransmission (Youdim & Yehuda, 2000) and myelination (Bartzokis, Daugherty, 2017) . These observations have led some to suggest that non-heme iron content in neural tissue may serve as a useful proxy for brain health, and a biomarker of neurological deficits or disease (Schenck & Zimmerman, 2004) . The presumed mechanism of neural insult is an aberration of fundamental cellular processes that are necessary for normal brain health and function. Whereas abundance of iron and related oxidative stress may drive neurodegeneration in adult aging, insufficient non-heme iron is expected to impair neural cognitive development. Despite the fundamental role of non-heme iron, the majority of in vivo non-heme brain iron studies have focused on neurodegeneration in later life , with lesser attention paid to brain iron in neural and cognitive development across the lifespan. In large part, what is known about the role of iron in neurological development comes from peripheral blood measures of ferritin in blood serum, which may not relate directly to non-heme iron concentrations in specific brain regions (Li et al., 2014; Rao & Georgieff, 2002) .
The few investigations of non-heme iron in vivo and associations to performance in cognitive tasks during childhood suggest subcortical brain iron may serve an important role in the development of cognitive processes. Recent studies of typically developing children have shown that caudate iron is positively correlated with spatial intelligence (Carpenter et al., 2016) and working memory ability (Darki, Nemmi, Moller, Sitnikov, & Klingberg, 2016) in children, and decreased peripheral ferritin levels and thalamic iron have been observed in children with ADHD (Adisetiyo et al., 2014; Cortese, Angriman, Lecendreux, & Konofal, 2012). While these studies have garnered important insight into the trajectory of non-heme iron availability during childhood and its role in emergent cognitive abilities, much work remains to be done to elucidate the relationship of brain iron, brain maturation, and cognitive development in typically developing children and adolescents.
The regions of the basal ganglia have been the primary interest in studies of non-heme iron because they show robust and quantifiable levels of iron content that vary by individual, as seen in post-mortem (Hallgren & Sourander, 1958; Langkammer et al., 2010) and in vivo imaging studies These functions, as well as hippocampal-dependent relational memory function, contribute to general intelligence ability (Amat et al., 2008; Rhein et al., 2014; Sandman et al., 2014) . Moreover, basal ganglia function appears to be especially vulnerable to deviation in iron availability, as implicated in iron deficient states (Lozoff, 2011; Sachdev, 1993) . In particular, the striatal dopamine pathway is highly dependent on non-heme iron for neurotransmission putamen, globus pallidus), red nucleus and substantia nigra. We examine the primary hypotheses that brain iron content increases across developmental age, and that greater brain iron content correlates
with better cognitive performance.
Methods

Participants
This study reports on 57 children and adolescents (38 
Cognitive Measures
Unstandardized intelligence quotient (IQ) verbal and non-verbal scores, calculated from the Kaufman Brief Intelligence Test, Second Edition (Kaufman, 2004) were used as a measure of general cognitive function. The Woodcock-Johnson III Normative Update (W-J III NU) was administered to measure processing speed (Gs), with Visual-Matching and Cross-Out subtests, and Digit Symbol was measured with the WISC III (Weschler, 1991; Woodcock, 2001 ), see Table 1 for a summary of scores, by measure. 
Image Acquisition and Processing
MRI was performed on a Siemens Verio 3T scanner equipped with a 12-channel headcoil.
Regional iron content was estimated in vivo from an 11-echo multiple gradient-echo sequence: voxel 
Regions of interest
We measured brain iron in six regions of interest (ROIs): caudate nucleus (Cd), globus pallidus (GP), putamen (Pt), hippocampus (Hc), red nucleus (RN), and substantia nigra (SN).
Magnitude images acquired from the first echo of the multiple gradient-echo sequence were used to identify ROIs for each participant, following prior work . To sample representative, average T2* from each ROI, a standardized, circular mask of 24 pixels was placed in the center of each ROI, in each hemisphere and across three contiguous axial slices (adapted after (Rodrigue et al., 2013); see Figure 1 for example mask placement. Differences in intensity value on T2* and corresponding magnitude images can bias visualization and segmentation of regional boundaries (Lorio et al., 2014) . The masking procedure, as a representative average of the ROI, avoids this potential confound. In addition, the manual masking procedure avoided inclusion of partial voluming of
adjacent white matter, cerebrospinal fluid and visualized vasculature in the measure of T2*. This process was implemented separately in left and right hemispheres and was thus sensitive to crosshemispheric variation in neuroanatomy. The reliability of the mask placement procedure between two raters (J.H. and K.M.) was tested with an intra-class correlation coefficient (ICC (2)), assuming random rater error (Shrout & Fleiss, 1979) . A sample of 10 participants was used to establish reliability for Cd, GP, Hc, RN, and SN, and a sample of n = 14 for Pt. ICC(2) was greater than 0.85 for left and right hemisphere measures of each ROI and ICC(2) > 0.90 for bilateral averages.
Validation of iron estimates against post mortem quantified priors
A comparison was conducted to validate the assumption that the extracted R2* values represent non-heme iron content. A prior study by Hallgren and Sourander (1958) . Bottom: ROIs were then transferred onto T2* maps to extract regional values, following correction for image noise. Darker regions correspond to increased R2* (1/T2*) and thus greater iron content.
Analytic Approach
First, to test for regional differences in iron content and differential age effects by region, we used a 2 (hemisphere) × 6 (ROI) repeated measures general linear model (GLM). Age (centered at the sample mean), age 2 as a test of possible non-linear age differences, and sex were entered as covariates. If the age 2 term was not significant beyond the linear effects of age alone, it was removed from the model, and all interactions between age and sex were tested and removed if not significant. In a second model, we tested for age differences in brain iron content and the relation to cognitive measures. Prior to modeling, the multiple cognitive measures were submitted to a principal components analysis (varimax rotation) to create composites representing processing speed and general intelligence (verbal and non-verbal, unstandardized IQ scores). Because the cognitive measures
represent functions that are not specific to singular brain regions, we tested hypotheses with a composite of R2* that represented brain iron in general, calculated in a second PCA with a single component solution of all regions. This general component score was included as a predictor in univariate GLM analyses to test general brain iron content, age, and sex predicting differences in composite processing speed and general intelligence.
We observed strong positive correlations between age, composite of general iron content, and cognitive measures, which constitutes collinearity that will bias multivariate analyses that evaluate the effects of age and brain iron content on cognition within the same model. However, the presence of collinearity here is in line with our assumptions of a theoretical framework that includes age-related brain iron accumulation as part of typical cognitive development. In this regard, a commonality analysis is an exploratory step (Linderberg, 1998 ) that quantifies the shared variance between age and iron content predicting cognitive outcomes. To a limited extent, we can consider this commonality representing the developmental process we aim to describe. Mediation analyses of developmental effects require assumptions of temporal precedence and causality, which a cross-sectional study design cannot suffice and the resulting estimates are indeterminate (Maxwell & Cole, 2007) . A commonality analysis does not carry the same assumptions and offers a conservative account of the covariance, and as applied here identified the unique effect of age and the shared effect of age and brain iron content on cognitive ability. This was accomplished in a series of hierarchical linear regressions to identify the unique and shared variance components (Linderberg, 1998 ). To provide further information of the effects of age and brain iron content predicting cognition, regression models were bootstrapped with bias-correction (5000 draws) to produce 95% confidence intervals (BS 95% CI), which can be interpreted as further evidence in support of the effect (α = 0.05) when not overlapping with zero. Because hypotheses pertaining to processing speed and general intelligence were tested separately, a Bonferroni correction for multiple comparisons was applied (α' = 0.025) to the regression coefficients. Hemispheres were similar overall in iron content across regions, F(1,54) = 3.11, p = 0.08, as were age differences per hemisphere, F(1,54) = 1.33, p = 0.26, and all further analysis considered effects in bilateral average R2* per region. Regions differed in gross iron content, F(5,50) = 13.28, p < 0.001 (see Figure 2 ). In rank order, R2* was greatest in the globus pallidus, substantia nigra, red nucleus, putamen, caudate, and least in the hippocampus, see Table 2 .
Results
Table 2. Measured R2* (1/T2*) by Region of Interest
Increased magnetic susceptibility corresponds with higher non-heme iron content. There was no evidence of non-linear age differences in iron content (F(1, 51) = 1.70, p = 0.20)
Regions of Interest
nor differentiating between regions (age 2 × region: F(5, 47) = 0.98, p = 0.44), and therefore the quadratic age term was removed from the model and only linear age differences were further considered. Sex was unrelated to individual differences in regional iron content (F(1, 53) = 0.44, p = 0.51) and did not interact with linear age effects (age × sex: F(1, 53) = 2.87, p = 0.10), and the interaction term was removed from the model. Age correlated positively with iron content across regions, F(1,54) = 48.44, p < 0.001, and the magnitude of linear age differences in iron content differed between regions (age × region): F(5,50) = 5.40, p < 0.001 (see Figure 3 ). In rank order, age differences were largest in the globus pallidus (r = 0.62, p < 0.001), substantia nigra (r = 0.50, p < 0.001), caudate nucleus (r = 0.48, p < 0.001), and putamen (r = 0.47, p < 0.001), which were all of similar magnitude in this sample (all pair-wise Steiger Z* > 1. 35 , p = 0.09). Age differences were smaller, in the red nucleus (r = 0.27, p = 0.05) and in the hippocampus (r = 0.22, p = 0.10), the latter having only demonstrated a Iron content was significantly, positively related to age in the caudate, globus pallidus, putamen, and substantia nigra. Age differences were smaller in the red nucleus and hippocampus.
Cognitive Correlates to Brain Iron Content.
To test the functional relevance of age-related differences in brain iron content, we examined associations between measures of brain iron and both processing speed and general intelligence region, we created a composite of general iron content across all ROIs (see Table 3 for loadings) for further hypothesis testing. Greater general brain iron content predicted faster processing speed (F(1,55) = 5.96, p = 0.02, α' = 0.025; BS 95% CI: 0.10/0.53) and better general intelligence (F(1,55) = 7.92, p = 0.01, α' = 0.025; BS 95% CI: 0.09/0.71). Older age was also associated with faster processing speed (F(1,55) = 35.59, p < 0.001, α' = 0.025; BS 95% CI: 0.19/0.34) and higher general intelligence (F(1, 55) = 23.38, p < 0.001, α' = 0.025; BS 95% CI: 0.14/0.32; see Figure 5 ). Commonality analysis identified that greater iron content shared 21.4% of the age-related improvement in processing speed and 12.5% of the improvement in general intelligence. Sex was included as a covariate in all models but was unrelated to either processing speed or general intelligence (all p > 0.06). Taken together, older developmental age was associated with greater brain iron content and this accounts for 21.4% of age-related improvement in processing speed, and 12.5% of age-related improvement in general intelligence.
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Figure 5. Correlations between age and general brain iron content with processing speed and general intelligence
Age positively correlated with faster processing speed (A) and higher general intelligence (B), and greater iron content, also positively correlated with higher cognitive ability (C and D).
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Discussion
We investigated childhood age differences in brain iron content and its relation to cognitive ability. R2* relaxometry was used to non-invasively estimate non-heme iron in vivo within the basal ganglia and hippocampus of 57 typically developing children and adolescents, ages 7 to 16 years old.
Iron content varied significantly between brain regions and iron content in all regions, except the hippocampus, was positively correlated with age. The magnitude of age differences varied between regions, with larger effects in regions of the basal ganglia, as compared to the hippocampus. Older age and greater composite iron content were each associated with faster processing speed and higher general intelligence. This is consistent with the notion that non-heme iron is a vital metabolic cofactor for core cellular mechanisms and neurobiological processes necessary for proper brain development, including myelination and neurotransmission (Beard, 2003; Georgieff, 2011; Post-mortem investigations (Hallgren & Sourander, 1958) , as well as MRI studies in adults (Aquino et al., 2009; Li et al., 2014 ) and children (Carpenter et al., 2016; Larsen & Luna, 2015 ) support a positive correlation between age and iron content, and differences in age-related magnitude by region . In this sample of normally-developing children and adolescents, age-related increases were significant across the majority of areas examined, but smaller by comparison in the red nucleus, and non-significant in the hippocampus. A possible explanation for this is that the red nucleus and hippocampus acquire non-heme iron at a lesser rate across development. An alternative is that developmental change in these regions peak at different time points in development respectively, as a result of change in regional volume (Narvacan et al., 2017) Fourth, we report estimates of iron content from R2* relaxometry, which is a well-validated method, but is biased by the presence of myelinated fibers and other sources of field inhomogeneity . This is a consideration when interpreting the results presented here, as several of the subcortical nuclei examined contain myelinated fibers. Nonetheless, the large iron concentrations observed in the basal ganglia have been confirmed with post-mortem histology and validated against R2* estimates of iron content (Haacke et al., 2010; Langkammer et al., 2010) . The high agreement between post-mortem measures of iron and R2* estimates in the basal ganglia suggests that this bias is negligible within those regions, although estimates of post-mortem hippocampal iron was not available for comparison. The hippocampus is expected to have relatively lesser iron content, and therefore the R2* signal may be more sensitive to the presence of myelinated fibers and this may be an alternate explanation of the small age differences we observed in that region.
Estimates of iron from other neuroimaging methods, such as quantitative susceptibility mapping, are less vulnerable to bias from the presence of myelin and may be more suitable for the study of hippocampal iron, and potentially whole brain analysis. 
Conclusion
These findings provide new information as to the nature of iron accumulation across childhood, feasibility of R2* relaxometry studies, and a critical role for non-heme iron in cognitive development. 
